Abstract
Mille Lacs Lake and its tributaries, located in east-central Minnesota, are important resources to the public. In addition, many wetlands and lakes that feed Mille Lacs Lake are of high resource quality and vulnerable to degradation. Construction of a new four-lane expansion of U.S. Highway 169 has been planned along the western part of the drainage area of Mille Lacs Lake in Crow Wing County. Concerns exist that the proposed highway could affect the resource quality of surface waters tributary to Mille Lacs Lake. Baseline water-and bedsediment quality characteristics of surface waters tributary to Mille Lacs Lake were needed prior to the proposed highway construction. The U.S. Geological Survey, in cooperation with the Minnesota Department of Transportation, characterized the water-and bed-sediment quality at selected locations that the proposed route intersects from October 2003 to October 2006. Locations included Seguchie Creek upstream and downstream from the proposed route and three wetlands draining to Mille Lacs Lake.
The mean streamflow of Seguchie Creek increased between the two sites: flow at the downstream streamflowgaging station of 0.22 cubic meter per second was 5.6 percent greater than the mean streamflow at the upstream streamflowgaging station of 0.21 cubic meter per second. Because of the large amount of storage immediately upstream from both gaging stations, increases in flow were gradual even during intense precipitation.
The ranges of most constituent concentrations in water were nearly identical between the two sampling sites on Seguchie Creek. No concentrations exceeded applicable waterquality standards set by the State of Minnesota. Dissolvedoxygen concentrations at the downstream gaging station were less than the daily minimum standard of 4.0 milligrams per liter for 6 of 26 measurements.
Constituent loads in Seguchie Creek were greater at the downstream site than the upstream site for all measured, including dissolved chloride (1.7 percent), ammonia plus organic nitrogen (13 percent), total phosphorus (62 percent), and suspended sediment (11 percent) during the study. All constituents had seasonal peaks in spring and fall. The large loads during the fall resulted from unusually large precipitation and streamflow patterns. This caused the two greatest streamflow peaks at both sites to occur during October (2004 and 2005) .
In Seguchie Creek, bed-sediment concentrations of five metals and trace elements (arsenic, cadmium, chromium, lead, and zinc) exceeded the Interim Sediment Quality Guidelines (ISQG) set by the Canadian Council of Ministers of the Environment. Bed-sediment samples from the upstream site had more exceedances of ISQGs for metals and trace elements than did samples from the downstream site (seven and two exceedances, respectively). Bed-sediment samples from the downstream site had more exceedances of ISQGs (20 exceedances) for semivolatile organic compounds than did samples from the upstream site (8 exceedances), indicating different sources for organic compounds than for metals and trace elements. Concentrations of 11 semivolatile organic compounds exceeded ISQGs: ancenaphthene, acenaphthylene, anthracene, benzo [a] anthracene, benzo [a] pyrene, chrysene, fluoranthene, fluorene, naphthalene, phenanthrene, and pyrene.
In bed-sediment samples collected from three wetlands, concentrations of all six metals exceeded ISQGs: arsenic, cadmium, chromium, copper, lead, and zinc. Concentrations of three semivolatile organic compounds exceeded ISQGs: flouranthene, phenanthrene, and pyrene. Results indicate that areas appearing relatively undisturbed and of high resource value can have degraded quality from previous unknown land use.
Introduction
Mille Lacs Lake and its tributaries, located in east-central Minnesota ( fig. 1 ), are important resources to the public. Mille Lacs Lake is the second largest inland lake in Minnesota by surface area (534 square kilometers (km 2 ); Minnesota Department of Natural Resources, 2006) . It is a popular recreation area known for its exceptional game fisheries and water quality and an important resource for the Ojibwe Bands. The Ojibwe people, composed of the Mille Lacs, Fond du Lac, and six other Bands, have treaty protected fishing rights in Mille Lacs Lake (Great Lakes Indian Fish and Wildlife Commission, 2004) . Although large in surface area, Mille Lacs Lake is sensitive to eutrophication from increased nutrient loads (Heiskary and others, 1994 Resources, 2006) .
In addition to the resource value of Mille Lacs Lake, many wetlands and smaller lakes that feed the lake are of high resource quality and vulnerable to degradation. Many wetlands support wild rice beds, feed streams and lakes, and provide habitat for keystone wildlife species-species integral to the health and structure of other species (Minnesota Department of Transportation, 2002) . Smaller tributary lakes are popular fisheries and recreation areas, and sustain streams draining to Mille Lacs Lake.
Construction of a new four-lane expansion of U.S. Highway 169 has been planned by the Minnesota Department of Transportation (MNDOT) along the western part of the drainage area of Mille Lacs Lake in Crow Wing County. Several highway alignments are under consideration in the southwestern part of this area, but alignment is more certain in the northwestern part of this area (James Hallgren, Minnesota Department of Transportation, oral commun., 2003) . This proposed highway could affect the quality of water resources tributary to Mille Lacs Lake, and the lake itself, because potential routes pass through a substantial portion of the relatively small drainage area (1,067 km 2 ) of the lake. Degradation of the quality of natural waters can result from highway construction activities, subsequent operation and maintenance, and changes in land use associated with increased human activities or development near highways. Highway construction activities can degrade surface water if runoff from disturbed and exposed soils increases erosion and concentrations of suspended sediment, phosphorus (Bricker, 1999) , and other contaminants attached to soil particles. Suspended sediment, nutrients, and salts occur at low concentrations in natural waters near the study area Kroening and others, 2003; Stark and others, 1996) .
Highway operation and maintenance activities can degrade water quality through contributions of suspended sediment, deicing chemicals (chloride, sodium, and sulfate), nutrients, metals, and organic compounds (Bricker, 1999; Legret and Pagotto, 1999) . These constituents can enter surface water from spills on the highway surface; erosion of the shoulders, medians, and ditches; and atmospheric deposition of particulate matter and road spray drift. Salt-based deicing chemicals are chemically conservative and can be transported to receiving waters through direct runoff and road spray. Salt-based deicers commonly contain additional constituents, including sulfate, which has been shown to be the largest contaminant of road salt by mass (Granato and Smith, 1999) . Sulfate can contribute to lake eutrophication by freeing phosphorus otherwise bound to sediments (Lamers and others, 2002) . Soluble constituents such as chloride and nitrate nitrogen may infiltrate to groundwater from swales and retention basins designed to store and filter highway runoff. Once in groundwater, these constituents can eventually discharge to streams, wetlands, lakes, or drinking-water wells. Metals from automobiles and chemicals applied to, or spilled on, roadways and easements can leach into water or be adsorbed to sediments. Organic compounds, including polycyclic aromatic hydrocarbons (PAHs), phthalates and phenols, can run off from roadway spills and drips or be deposited atmospherically from vehicle emissions and dust particles (Gjessing and others, 1984) . These compounds generally are hydrophobic, so sediment concentrations generally are greater than dissolved concentrations in water (Lyman and others, 1987) .
Development of lands adjacent to new highways can add to the quantities and types of constituents previously described. Feeder roadways add impervious surfaces and traffic volume. Areas of land disturbance near highways increase. Activities in developed areas can increase constituent loading rates to streams through point-and nonpoint-source runoff. In the Upper Mississippi River Basin, metals and organic compounds in streambed sediment were found in the greatest concentrations within and downstream from urban areas, compared to forest or agricultural areas (Kroening and others, 2000; McNellis and others, 2001) .
Some constituents can have adverse effects on environmental or human health when present in large enough concentrations in water or bed sediment. Suspended sediment can affect aquatic habitats and commonly carries phosphorus, metals, and organic compounds (Lyman and others, 1987) . Phosphorus and nitrogen contribute to eutrophication, algal blooms, and variability in dissolved-oxygen concentrations that can be harmful to fish and other aquatic organisms (Wetzel, 2001 ). Elevated concentrations of chloride are harmful to aquatic organisms (Short and others, 1991) . Aquatic and human-health concerns have led to the creation of guidelines for maximum concentrations of many of these compounds in the environment.
To minimize the potential degradation of the quality of water bodies adjacent to the proposed highway and to Mille Lacs Lake, the MNDOT plans for the new highway route to be located farther from Mille Lacs Lake than the current route, and for new best management practices (BMPs) to be used that minimize highway runoff (Curt Eastlund, Minnesota Department of Transportation, written commun., 2003) . Swales placed in the medians will be designed to capture, retain, and infiltrate highway runoff rather than allowing it to pass directly to receiving water bodies. These plans require the route to pass through areas that are relatively undisturbed ( fig. 1) .
To assess the potential eutrophication of Mille Lacs Lake and minimize the contributions resulting from highway and land-use development, the MNDOT hired a consultant to develop a model to simulate water and nutrient budgets for tributaries to the lake (Curt Eastlund, Minnesota Department of Transportation, written commun., 2003). The 2001 model was used to estimate nutrient and other constituent loading rates for existing land-use conditions, varying highway routes, varying annual precipitation amounts for wet, normal, and dry years, use of different BMPs for the highway, and increased land-use development. The model was calibrated with data from 2000. Estimated annual phosphorus concentrations ranged from 0.046 to 0.052 milligram per liter (mg/L) for undeveloped conditions and from 0.055 to 0.063 mg/L for existing (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) land-use conditions and typical precipitation.
Baseline water-and bed-sediment-quality characteristics of surface waters tributary to Mille Lacs Lake prior to the proposed highway construction ( fig. 1 ) were needed to determine the effects (if any) of highway construction, operation, and subsequent land-use changes on the quality of these waters. The U.S. Geological Survey (USGS), in cooperation with the MNDOT, characterized the water-and bed-sediment quality from October 2003 to October 2006 for Seguchie Creek upstream and downstream from the proposed route and for three wetlands draining to Mille Lacs Lake that the proposed route intersects.
Few studies are able to conduct sampling and collect data prior to activities that can affect water quality. As part of this study, two locations on Seguchie Creek upstream and downstream from the planned highway were (1) continuously monitored for streamflow, water temperature, specific conductance, and rainfall; (2) intermittently sampled for major ions, nutrients, metals, trace elements, and suspended sediment in water; and (3) intermittently sampled for particle-size distribution, metals, trace elements, and semivolatile organic compounds in bed sediment. Three wetlands were sampled annually for nutrients in water and particle-size distribution, metals, trace elements, and semivolatile organic compounds in bed sediment. Because much of the study area was assumed to be relatively undisturbed prior to proposed construction, data collected can be used as baseline information to determine the effects of highways and changes in land use on water quality. Water-quality data collected prior to construction can be compared with data from future studies to evaluate the effectiveness of newer construction BMPs designed to minimize effects of highway runoff. Data collected during this study also add to a national database on the effects of highways on the water quality of runoff and can be used to assess the effects of associated changes in land use on water quality. Results have transferability to much of the northern United States, where other post-glaciated landscapes are experiencing population growth and development. The data collected can provide an enhanced understanding of the effects of highway construction and operation on streams, wetlands, and lakes in northern climates.
The vulnerability of groundwater resources also is a concern where the proposed highway route overlies recharge areas. The Mille Lacs Lake consolidated drift aquifer, which approximately underlies the drainage area of Mille Lacs Lake, is a sole source aquifer that provides the majority of the drinking water for people in the area (Trotta and Cowdery, 1998) . One well near Vineland, located 6 km south of the study area, provides the Mille Lacs Band of Ojibwe with much of their drinking water. Most of the interaction between surface water and groundwater occurs in the southwestern part of the Mille Lacs Lake drainage area (Trotta and Cowdery, 1998) , so groundwater was not characterized as part of this study, which focuses on the northwestern part of the drainage area.
Purpose and Scope
The purpose of this report is to describe the water-and bed-sediment quality of Seguchie Creek and three selected wetlands tributary to Mille Lacs Lake, Minnesota, with respect to constituents commonly associated with highway construction and operation. The report provides baseline water-quality data prior to the proposed highway construction.
This report presents water-and bed-sediment-quality characteristics of selected relatively undisturbed watersheds that intersect the proposed route for expanded U.S. Highway 169 on the northwestern side of Mille Lacs Lake, Crow Wing County, Minnesota. In addition to consideration of resource quality, stream sites were selected to optimize the accuracy of streamflow and constituent loadings for streams. The wetlands sampled were identified as high-resource quality, are intersected by the planned highway route, and are adjacent to future highway construction that utilizes new BMPs. The study includes more than 3 years (October 2003 to October 2006) of pre-construction sampling. Implications of the study findings also are presented.
Original investigation objectives included a comparison of baseline (preconstruction) water-quality conditions with those observed during and after highway construction. However, at the time of report preparation (2008), highway construction had been delayed indefinitely. Consequently, documenting changes in water-quality conditions because of construction and highway operation is beyond the scope of this report. Because the proposed highway route has not been determined through the southeastern part of drainage area of Mille Lacs Lake, which contains most of the aquifer and groundwater resources of concern, analysis of groundwater is beyond the scope of this report.
Environmental Setting
The proposed highway route and study area are located in the western part of the drainage area of Mille Lacs Lake near Garrison in Crow Wing County, Minnesota ( fig. 1 ). Along the western side of Mille Lacs Lake, the northern part contains more drainage area to Mille Lacs Lake than the southern part. Surface water in the southern part mostly flows to the Rum River-the outflow from Mille Lacs Lake ( fig. 1 ). Consequently, highway construction in the southern part poses less concern for lake degradation, but may be more vulnerable to groundwater degradation (Trotta and Cowdery, 1998) than the northern part.
The ecosystems, surficial geology, and climate have been summarized by the U.S. Department of Agriculture (Albert, 1995) . Briefly, Mille Lacs Lake and its drainage area are located in east-central Minnesota in the Mille Lacs Uplands of the Northern Minnesota Ecosystem and at the southern end of the Northern Lakes and Forest Ecoregion. Land forms are heterogeneous because of interaction from the Superior and Des Moines Lobe glaciations. Topography on the western side of Mille Lacs Lake is composed of rolling irregular hills, interspersed with kettle lakes, peatlands, and wetlands associated with end-moraines from the Superior Lobe glaciation. Soils also are heterogeneous. Acidic or calcareous soils are most common, derived from silt and clay-rich glacial drift and interspersed with sand or gravel, depending on the parent material. Vegetation commonly consists of mixed hardwood, pine, and aspen-birch forests in uplands, and of conifer swamps and bogs in lowlands. In the lowlands where Seguchie Creek and the monitored wetlands are located, high-quality plant communities can include black ash swamp, forested bogs, poor fens, tamarack swamps, and wet meadows. Rare plants can include American water-pennywort, bog bluegrass, halberd-leaved tearthumb, and eastern hemlock.
Wetlands in the vicinity of possible highway routes were inventoried and assessed in a supplemental study of wetland features (Minnesota Department of Transportation, 2002; Curt Eastlund, Minnesota Department of Transportation, written commun., 2003) . Minnesota generally follows the U.S. Fish and Wildlife Service wetland classification system (Cowardin and others, 1979 ) that includes eight types: (1) seasonally flooded basins or flats, (2) wet meadows, (3) shallow marshes, (4) deep marshes, (5) shallow open water, (6) shrub swamps, (7) wooded swamps, and (8) bogs (Minnesota Department of Natural Resources, 2007) . Proposed highway routes intersect all eight types of wetlands. Functional values of these wetlands were rated for floral diversity and integrity, maintenance of hydrologic regime, stormwater attenuation, water-quality protection, shoreline protection, groundwater interaction, wildlife habitat, fishery habitat, aesthetic or recreational or cultural value, and commercial uses (Curt Eastlund, Minnesota Department of Transportation, written commun., 2003) . Wetlands identified as having been minimally affected by past human activities or with exceptional functional value ratings merited special consideration for construction methods and highway designs that would minimize wetland disturbance. Type 3 (shallow marsh) and type 6 (shrub swamp) wetlands are the most common along the proposed highway route. Although less extensive, type 5 (shallow open-water) wetlands were identified as especially important for supporting wild rice beds. Three wetlands selected for monitoring ( fig. 1 ) included a subset of those identified in the supplemental study of wetland features. Wetland 9 consists of types 4, 6, and 7 (deep marshes, shrub swamps, and wooded swamp); wetland 15 is a shallow open-water wetland (type 5) capable of supporting wild rice beds; and wetland 16 consists of types 3, 4, and 6 (shallow marshes, deep marshes, and shrub swamps).
Seguchie Creek, the stream monitored in this study, flows through several smaller lakes and wetlands before discharging to Mille Lacs Lake ( fig. 1 ). At the upstream end of the reach studied, Seguchie Creek discharges from Holt Lake over a weir. From the weir the stream meanders approximately 1.3 kilometers (km) through a wetland, and then flows through a well-defined channel approximately 0.3 km before discharging to Mille Lacs Lake. The proposed highway route crosses Seguchie Creek approximately 1.2 km downstream from the weir, and about 0.4 km upstream from Mille Lacs Lake. Similar to many streams and lakes in the Mille Lacs Lake area, resort cabins and former cabin sites are located along Seguchie Creek and the north and east shores of Holt Lake, which feeds Seguchie Creek. Several older cabins exist along much of the lower 0.3-km reach of Seguchie Creek near the downstream streamflow-gaging station. Some cabins were removed by the land owner during the timeframe of this study.
Annual 
Methods
The approach to assess surface-water quality was two tiered: stream monitoring and wetland monitoring. The first tier utilized streamflow monitoring and sampling at Seguchie Creek upstream and downstream from the proposed highway route. By gaging streamflow continuously and sampling the water quality at each site, determination of streamflow and constituent concentrations and loads can be made (Bricker, 1999) . Differences observed between monitoring sites may be attributed to effects from the road. The low-gradient hydrologic conditions and poorly defined stream channels in the study area complicated this method of comparison between the upstream and downstream sites because most streams are affected by variable backwater from Mille Lacs Lake or wetlands. Backwater introduces uncertainties in streamflow and load computations that can mask the effects introduced by highway activities. Of the few streams that the proposed highway intersects, Seguchie Creek was the most suitable stream for this type of method because of its relatively greater gradient and defined channel at selected reaches. Even so, the stream could not be monitored immediately upstream and downstream from the intersection with the proposed highway route. At this intersection, the stream was not confined to a channel but rather meandered through a wetland (approximately 0.81 km 2 ; fig. 1 ). Consequently, streamflow-gaging stations were installed at the nearest upstream and downstream locations where flow could be measured accurately.
Methods used to collect stream stage and streamflow are described in Rantz and others (1982) , Davidian and Carter (1968) , Buchanan and Somers (1969) , and Fallon and others (2004) . At the downstream gaging station, backwater from Mille Lacs Lake during extremely high water levels could have affected traditional stage-streamflow methods of determining streamflow. To account for backwater, which variably alters the traditional stage-streamflow relation used to compute streamflow, an acoustic Doppler velocity meter was installed to record continuous stream velocities that could be used to compute streamflow using an index velocity-streamflow relation (Morlock and others, 2002) . However, velocity measurements during the study indicated that lake levels were not high enough to create backwater conditions at the gaging station, so streamflow was computed using traditional stage-streamflow relations.
In addition to streamflow instrumentation, gaging stations housed continuous water-quality monitors that recorded water temperature and specific conductance at 15-minute intervals. Specific conductance can be used to estimate concentrations of dissolved salts and solids between samplings. The water temperature and specific conductance data were collected according to methods described in Wagner and others (2000) with minor variations. Variations included using a separately calibrated meter placed next to the deployed probe to determine any corrections for meter drift and fouling, rather than removing the deployed probe and calibrating it independently. This variation was necessary because the installation design prohibited removal of the probe for independent calibration.
Stream water-quality samples were collected at or near gaging stations manually and by automatic sampler. Descriptions of sampling methods and the methods used to prepare and process samples are described in the USGS's National Field Manual for the Collection of Water-Quality Data (U.S. Geological Survey, variously dated). For each of the sampling sites on Seguchie Creek, 26 manual water samples were collected during this study at approximately 6-week intervals using methods designed to collect samples representative of the entire stream cross section. Each manual sample was composited from verticals collected along a transect across the river at equal-width increments (EWIs). Because these samples were of relatively high quality with respect to their representation of the entire streamflow, they were analyzed for more constituents than those from automatic samplers (table  1) .
Automatic samplers collect water from one point in the stream rather than from the entire cross section after being activated from another sensor or remote command. Although these samples are not necessarily representative of the stream cross section, they were useful for collecting water samples from unscheduled rainfall-runoff events when personnel were not available. Typically, these samplers are activated by sensing increases in stream stage. However, the large volumes of water storage available in lakes and wetlands upstream from both gaging stations resulted in very small increases in stage even after heavy rainfall. Instead, samplers were programmed to activate when rainfall sensors indicated rainfall rates greater than 0.13 centimeters per 30 minutes. Automatic samplers were not refrigerated because of their remote locations, so only analyses not needing immediate preservation or treatment (dissolved chloride and suspended sediment) were performed. A total of 64 samples collected by automatic samplers were analyzed. Automated samplers were not used during winter months because sampler lines froze.
The second tier characterized water-quality conditions synoptically at selected wetlands representative of the study area. The types of data collected and frequency of collection are shown in table 1. Three wetlands were selected for water and bed-sediment sampling based on their classification type and intersection with the proposed highway route. Samples were collected from wetlands during the fall (2003-05) when hydrologic conditions typically are low and stable. For comparing wetland water levels among the years sampled, water levels in wetlands were qualitatively noted based on previous sample holes, and water levels on waders, vegetation, or poles near sampling locations. Water samples were collected by dipping a Teflon bottle into the wetland at several (three to five) locations immediately outside the construction area of the proposed highway route and compositing these samples into one container. Water samples were processed similarly to those described for Seguchie Creek. Occasionally, water levels in wetlands were below the surface vegetative layer. In these cases, the vegetative material was separated or removed so that the sample bottle could be dipped and filled. Sample locations were recorded by global positioning system and revisited each year so that annual variation could be assessed. Sample locations frequently could be verified in subsequent years by locating holes in the vegetation made during previous samplings. Water samples were analyzed for dissolved and total nutrients.
Bed-sediment samples were collected for two analyses: particle size and chemical. Each analysis type used different 
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collection methods. In Seguchie Creek, bed-sediment samples for particle-size analyses were collected according to methods outlined in Guy (1977) . These samples were collected at equal-width increments across the stream to characterize the size distribution of bed sediment representative of the entire stream cross section. The upper 5 cm of sediment were collected from each interval. Samples were collected during spring and fall when streamflow was expected to be seasonally high or low, respectively, to determine possible differences in the size distribution resulting from stream energy levels. For chemical analyses, bed-sediment samples were collected using methods described in Shelton and Capel (1994) . Instead of collecting samples from the entire cross section, these samples were collected from depositional areas in the stream having slow velocities. Slower velocities preferentially deposit finergrained sediments that tend to have greater concentrations of metal and organic contaminants. The upper 1-2 cm of material was collected to characterize the chemical composition of the most recent fine-grained sediment deposits. Samples for analyses of organic material were passed through a 2-millimeter (mm) sieve to remove larger particles. Samples for metals and trace elements were passed through a 63-micron sieve to remove larger material typically not associated with trace element adsorption.
In wetlands, bed-sediment samples were collected to assess baseline characteristics of particle size and chemistry. In each wetland, subsamples were collected from several locations parallel to and immediately outside of the planned construction zone. Each set of subsamples was composited into one sample for analysis. Bed-sediment sampling in wetlands was complicated by two of the three wetlands having little or no mineral sediment; rather, particles were composed of decaying vegetation. Consequently, wetland-sediment data are not directly comparable to streambed-sediment data. For size analyses, this decaying vegetative "bed material" was collected using glass scoops from the locations described previously for wetland water sampling. Similarly, samples for chemical analyses also were collected using modified methods; bed material was collected at the water level if vegetation extended above and covered the water. Preparation of samples for chemical analyses was problematic because vegetative material would not pass through the sieves. After consulting laboratory staff, samples were not sieved because methods used to analyze samples digested all of the organic material regardless of particle size.
All water and bed-sediment samples collected for chemical analysis were shipped on ice to the USGS's National Water Quality Laboratory in Denver, Colorado. The water samples were analyzed using methods described by Fishman (1993) , Fishman and Friedman (1989) , Gabarino and others (2006) , Patton and Kryskalla (2002) , and Patton and Truitt (2000); bed-sediment samples were analyzed using methods described by Furlong and others (1996) and Taggart (2002) . Samples for bed-and stream-sediment size analyses were performed by a USGS Sediment Laboratory in Iowa City, Iowa, using methods described by Guy (1977) . Many minor constituents in water and bed sediment are reported as estimated concentrations (E-coded values in summary tables) that are less than the long-term method detection levels (LTMDL); the chance of falsely reporting a concentration at or greater than the LTMDL for a sample that did not contain the constituent is predicted to be less than or equal to 1 percent (Childress and others, 1999) . These results are appropriate for characterizing particular constituents as "detected" or present in the sample but not for interpreting a collection of data. Other samples reporting censored values also may have had the same constituents present in their respective samples, but for any one of many reasons, the concentration could not be quantified.
Thirteen quality-assurance samples were collected for water samples to document and quantify possible contamination, bias, and variability. Types of quality-assurance samples included equipment blanks and replicates.
Seven equipment blanks for water samples were collected to assess bias introduced by equipment cleaning and handling and by sampling, processing, and analysis. Twentyfour constituents were analyzed, including nutrients, dissolved ions and metals, and suspended sediment. Eight constituents were detected in blanks: dissolved ammonia, total nitrogen, dissolved calcium, silica, barium, copper, zinc, and suspended sediment. Of these, dissolved ammonia, calcium, and copper were not detected in the equipment blanks at concentrations greater than the LTMDLs used in this report, so these do not affect interpretive results. Detections of total nitrogen, dissolved calcium, silica, and barium were 10 to 100 times less than concentrations in environmental samples, so similarly do not affect results. Zinc was detected in the laboratory check of blank water prior to field use, so zinc concentrations in the equipment blank could be partly attributed to the blank water. Suspended sediment was detected once at a concentration equal to the LTMDL. Results of the equipment blanks indicate that samples were not substantially biased by carry-over contamination.
Two types of eight replicates were collected for water samples. Five split replicates were collected to measure variability introduced in the processing and analysis of samples. Split replicate samples had little variability between split samples, indicating minimal variability was introduced by laboratory analysis. Three concurrent replicates were collected from the automatic samplers and manual EWI samples for analyses of suspended sediment to compare results between the two sampling methods. These samples had a wider range of variability. EWI replicates had suspended-sediment concentrations of less than (<) 1, 2, and 4 milligrams per liter (mg/L), whereas, the respective replicates from the automatic sampler had concentrations of 7, 8, and 5 mg/L. EWI sampling methods are designed to collect samples representative of the stream cross section and velocity. Automated samplers have been shown to introduce variability when used for suspended particles (Ging, 1999) because these samplers withdraw water from only one point in the stream, do not sample isokinetically, and disturb the water column by purging sampler lines when preparing to sample. Consequently, the sources of variability of suspended-sediment concentrations and other constituents associated with suspended sediment should be considered when evaluating data. In spite of the limitations, automated samplers were used because of the void filled in sampling runoff events when personnel were not onsite.
The National Water Quality Laboratory reported instrument matrix interference issues for selected constituents in bed sediment. Affected results were not reported and were coded as "na" in the data summaries. Quality assurance for bedsediment analyses consisted of repeated sampling of the same locations during each of the 3 years sampled. These results helped to characterize temporal variability and sensitivity of analytical results because of sampling location.
To compare constituent concentrations between sites on Seguchie Creek, a Wilcoxon rank-sum test (Wilcoxon, 1945) , also known as a Mann-Whitney test (Mann and Whitney, 1947) , was used. This nonparametric test determines whether two sets of observations are from the same distribution for data with small sample sizes and without assuming the data are normally distributed.
Loads were computed for dissolved chloride, dissolved ammonia plus organic nitrogen, total phosphorus, and suspended sediment. Loads were not computed for other nutrients because of insufficient data (dissolved phosphorus and total nitrogen) or for insufficient detections of constituents (ammonia nitrogen, dissolved nitrite, nitrite plus nitrate nitrogen, and orthophosphate). Loads were computed using LOADEST2 using data from continuous streamflow and specific conductance monitors and from discrete water-quality analyses at the upstream and downstream Seguchie Creek sites. LOAD-EST2 is a regression-based, multiparameter statistical model (Runkel and others, 2004) . Transport curves for each waterquality constituent are developed based on coefficients from multiple regression models. Calibration data consist of natural log-transformed values of instantaneous streamflow, specific conductance in microsiemens per centimeter at 25 °C (µS/cm), instantaneous concentrations of water-quality constituents (dissolved chloride, selected nutrients [including dissolved ammonia plus organic nitrogen, and total phosphorus], and suspended sediment) in milligrams per liter, and decimal time. Data were censored at the LTMDLs, which generally were less than the method reporting levels (MRL).
Regression coefficients for slope, intercept, season, and time from the calibration data were used to construct models that estimated daily water-quality constituent loads from daily streamflow and specific conductance. Combinations of the natural log of streamflow, the natural log of specific conductance, representations of seasonality that include time, sine (time), and cosine (time) were tested to determine the best regression equations for each site and constituent. Various models were evaluated for best fit, including the Adjusted Maximum Likelihood Estimate (AMLE) method and the Least Absolute Deviation (LAD) method. The AMLE method was used for constituents with concentrations censored below the LTMDL. The LAD method was used for constituents with all concentrations reported above the LTMDL but with data that were not normally distributed. For a given constituent, the same equation variables and models were used for load computations at upstream and downstream sites to minimize variability caused by the model itself. Results are reported in kilograms per day.
Seguchie Creek
Two streamflow-gaging stations with water-quality monitors were installed on Seguchie Creek: Seguchie Creek at Holt Lake outlet, near Garrison, Minnesota (station 05284305), hereinafter referred to as the upstream gage or site; and Seguchie Creek above mouth, near Garrison, Minnesota (station 05284310), hereinafter referred to as the downstream gage or site. The upstream gage has a drainage area of 43.2 km 2 , and the downstream gage has a drainage area of 44.8 km 2 . The drainage area of the downstream gage is 3.5 percent greater than the drainage area of the upstream gage.
Streamflow
Streamflow was measured from May 26, 2004, when gaging stations became operational, to September 30, 2006 (fig. 2 ). Streamflow at the downstream gage generally was slightly greater than at the upstream gage, indicating that Seguchie Creek is a gaining stream. For the period of record, the mean streamflow at the downstream gage of 0.22 cubic meter per second (m 3 /s) was 5.6 percent greater than the mean streamflow at the upstream gage of 0.21 m 3 /s. This difference is within the measurement error for streamflow. However, the consistent pattern of greater streamflow at the downstream gage indicates that the greater drainage area resulted in slightly greater streamflow compared to the upstream gage.
Daily-mean streamflow ranged from 0 to 0.83 m 3 /s at the upstream gage and from 0 to 0.87 m 3 /s at the downstream gage. Increases in flow were gradual even during intense precipitation periods because of the large amount of storage immediately upstream from both gages: the lake outflow at the upstream gage and the wetland upstream from the downstream gage. Days with no flow were observed more frequently at the upstream gage (59 days) than at the downstream gage (47 days) because streamflow would cease from the lake at the upstream gage while the downstream gage continued to record flow draining from the wetland located between the two gages. Conversely, during winter, ice affected and decreased streamflow more at the downstream gage than at the upstream gage ( fig. 2 
Water Quality
Seguchie Creek was sampled at both monitoring sites (stations 05284305 and 05284310) for chemical constituents that commonly are associated with highway construction and operation. These include dissolved major ions, dissolved and total nutrients, dissolved metals and trace elements, and concentration and size analyses of suspended sediment.
Water-quality data collected for this study for the Seguchie Creek sites are available at http://nwis.waterdata.usgs.gov/mn/ nwis/qwdata.
Concentrations and Physical Properties
Statistical summaries of constituent concentrations in water are presented in table 2 (at the back of this report). When applicable, State of Minnesota water-quality standards (Minnesota Office of the Revisor of Statutes, 2007) are included. Concentrations generally were low. No constituent concentrations exceeded applicable standards. However, dissolved-oxygen concentrations at the downstream site were less than the daily minimum of 4.0 mg/L for 6 of 26 measurements. These minima occurred during July to October.
The ranges of most concentrations were nearly identical between sites, including those for dissolved calcium, magnesium, alkalinity, bicarbonate, fluoride, silica, dissolved solids, nitrite plus nitrate, nitrite, orthophosphate, cadmium, chromium, molybdenum, silver, and suspended sediment. Similarly, median concentrations of most constituents varied less than 5 percent between upstream and downstream sites. Those with differences greater than 5 percent between median concentrations included dissolved copper, iron, manganese, nickel, and zinc. Median concentrations of dissolved iron, manganese, nickel, and zinc were greater at the downstream site. Dissolved iron was the only constituent with significantly different concentrations (p<0.05, Wilcoxon rank sum test) between upstream and downstream sites.
As the study progressed, concentrations of selected metals and trace elements from the downstream site occasionally were greater than those from the upstream site for pairs of samples collected the same day. Samples from the downstream site were collected upstream from the current highway ( fig.  1) , and all but one were collected upstream from the small service road bridge upstream from the current highway, so the increase in metals and trace elements between the sites was assumed to not be associated with highway or roadway activities. Because most of the reach between monitoring sites consists of wetlands, which were not thought to be a source of metals and trace elements, it was hypothesized that these greater concentrations at the downstream site may have resulted from previous activities associated with cabins located along the stream reach just upstream from the downstream gage. Some constituents had one or two anomalously large, or outlier, concentrations at one site or the other. For example, concentrations of dissolved lead in two samples from the upstream site were three to five times greater than any other samples. The greatest concentrations of dissolved manganese and iron were in samples from the downstream site. Dissolved manganese and iron concentrations generally increased with decreasing dissolved-oxygen concentrations.
Fifteen of the 21 constituents in table 2 had greater variability downstream than upstream. These include discrete measurements of dissolved oxygen, pH, specific conductance, and dissolved constituents of potassium, sodium, chloride, ammonia plus organic nitrogen, ammonia, phosphorus, aluminum, antimony, barium, beryllium, cobalt, and nickel.
Continuous specific conductance values were more variable at the downstream site than the upstream site ( fig.  2 ). During the study period, continuous specific conductance values ranged from 130 to 290 µS/cm at the upstream site, and from 144 to 357 µS/cm at the downstream site (these extremes are instantaneous observations and not shown as daily-mean values in fig. 2 ). During dry periods with streamflow recessions, specific conductance at the downstream site would increase at a greater rate and generally peak at a greater value than at the upstream site. Similarly during periods of precipitation and runoff, specific conductance at the downstream site would decrease at a greater rate and to a lesser value than at the upstream site.
Loads
Loads were computed for dissolved chloride, dissolved ammonia plus organic nitrogen, total phosphorus, and suspended sediment. Two models were selected to compute loads. The AMLE model was used for total phosphorus and suspended sediment because these constituents had concentrations censored below the LTMDL (table 4). The LAD model was used for dissolved chloride and dissolved ammonia plus organic nitrogen because these data were not normally distributed and because all concentrations were greater than the LTMDL. Loads are presented in table 5. The lower and upper 95th-percent confidence intervals were included as part of the model output for those constituents computed using the AMLE method and are included in table 5 for total loads.
Total loads for the period of the study were greater at the downstream site than at the upstream site. Loads were 1.7 percent greater for dissolved chloride, 13 percent greater for dissolved ammonia plus organic nitrogen, 62 percent greater for total phosphorus, and 11 percent greater for suspended sediment between the upstream and downstream sites.
Constituent loads had a seasonal distribution. For seasonal analysis, loading rates were summed by climatological season as spring (March to May), summer (June to August), fall (September to November), and winter (December to February). All four constituents had peaks in spring and fall. Suspended sediment especially had the greatest loading rates during the fall, and the large gains in suspended-sediment loads at the downstream site compared to the upstream site occurred during these fall peaks.
Total phosphorus loading rates for the upstream site for this study can be compared with those produced for the nutrient and water budgets simulated for the MNDOT in 2001 (Curt Eastlund, Minnesota Department of Transportation, written commun., 2003). The model was used to simulate loading rates of phosphorus discharged from Holt Lake into Seguchie Creek for various scenarios using 2000 data for model calibration. For the three precipitation scenarios (dry, normal, and wet) noted in the Introduction section, the estimated total phosphorus loading rates from the simulations were 42.6, 118.1, and 256.6 kilograms per year (kg/yr), respectively. Loads for the simulated wet scenario are roughly 1.5 times greater than those calculated in this report. 
Bed-Sediment Quality
Bed-sediment samples were collected at the two Seguchie Creek sites to assess the size distribution of sediment particles and the chemical composition of the sediment. The typical compositions of bed-sediment samples collected in this study are shown in figure 3 . Bed-sediment data for the sampled sites are available at http://nwis.waterdata.usgs.gov/mn/nwis/ qwdata.
Bed-sediment samples for chemical analysis were collected to assess contaminants associated with highway construction and operation. The electrochemical charges of small-grained sediments (silt and clay sized) attract hydrophobic contaminants carried in water. These contaminants adsorb to sediments.
No bed-sediment-quality standards or guidelines exist in the United States, so Canadian guidelines were used for reference in this report. The Canadian Council of Ministers of the Environment (CCME) created advisory guidelines for concentrations of organic compounds and metals after examining the effects of these contaminants in bed sediment on aquatic life (Canadian Council of Ministers of the Environment, 1995). Concentrations found in this study were compared with Interim Sediment Quality Guidelines (ISQGs) and Probable Effect Levels (PELs), which were designed according to toxicological data regarding the biological effects of chemicals associated with sediment on aquatic life (Canadian Council of Ministers of the Environment, 1995). Bed-sediment concentrations that are between the ISQG and PEL values are associated with adverse biological effects. When bed-sediment concentrations exceed the PEL, potentially damaging effects are expected (Canadian Council of Ministers of the Environment, 1995) . Applicable guidelines are included in summary data tables.
Size
Samples for bed-sediment size analyses were collected during the fall and spring, October 2003 to October 2006, to characterize ranges in bed-sediment particle size across the stream cross-section at each site during seasonally high-and low-flow periods. Greater streamflow typical of spring can move and deposit larger bed-sediment particle sizes than lower streamflow typical of fall when more deposition of smaller particle sizes would result. The bed sediment at each stream site was sampled seven times. Like the water-sampling location at the downstream site, the bed-sediment sampling location was moved from a pool immediately upstream from the gage to a narrower section farther upstream to limit potential influence of land use near the stream beginning May 4, 2005. Particle-size distributions were determined as weight percent of the sample within the particular size classification.
Bed-sediment particle sizes analyzed ranged from clay (less than 0.004 mm) to very coarse pebbles (64 mm, fig. 4 ). Larger cobble-sized particles were present in the stream but were too large for the sampler to collect.
The particle-size distribution was different between the upstream and downstream sites. The downstream site generally had the greatest proportion of sand-and larger-sized particles (particle sizes greater than 0.062 mm). For example, the median particle size at the downstream site was 0.5 mm compared to 0.25 mm at the upstream site. Similarly, 35 percent of the particles were larger than 1.0 mm at the downstream site compared to only 20 percent at the upstream site. The downstream site had greater variability in larger particle sizes; the percentage of particles smaller than 4 mm ranged from 45 to 96 percent at the downstream site compared to 68 to 99 percent at the upstream site. The median particle size per sample ranged from 0.5 to 8.0 mm at the downstream site and from 0.25 to 1.0 mm at the upstream site. The upstream site had a greater proportion of samples composed of silt-and clay-sized particles (particles less than 0.063 mm; 4 percent) than the downstream site (2 percent). concentrations at both the upstream and downstream sites exceeded the ISQG of 37.3 µg/g. Lead concentrations at the upstream site exceeded the potentially damaging PEL of 91.3 µg/g. As a reference value, the median lead concentration of 23.0 µg/g from sites sampled throughout the Upper Mississippi River Basin was substantially less than the upstream and PEL concentrations. Zinc concentrations at the upstream site exceeded the ISQG of 123 µg/g. Only copper concentrations at both sites were less than the ISQG of 35.7 µg/g. More samples from the upstream site (seven) had concentrations that exceeded CCME ISQGs than the downstream site (two).
Metals and Trace Elements
No ISQG exists for tin. One sample had a tin concentration of 24 µg/g at the upstream site-more than four times greater than the median value of <5.0 µg/g in samples from across the Upper Mississippi River Basin in Minnesota and Wisconsin (Kroening and others, 2000) .
Organic Compounds
Two bed-sediment samples from each of the Seguchie Creek sites (one in the fall of 2004 and one in the fall of 2005) were analyzed for a suite of 78 semivolatile organic compounds. Twenty-five of these compounds were detected in Seguchie Creek (table 7) . Concentrations in table 7 are reported in micrograms per kilogram (µg/kg), which is equivalent to parts per billion-concentrations approximately 1,000 times less than those for metals and trace elements in bed sediment. Detections consisted of PAHs, phthalates, and phenols. Variability in concentrations from year to year was greater for the organic compounds than for the metals and trace elements. For compounds detected in both years sampled (2004 and 2005) , variability ranged from 51 to 3,400 percent, with a median of 224 percent.
All 20 PAHs analyzed were detected in Seguchie Creek. Concentrations of 11 compounds exceeded their respective whereas, concentrations at the upstream site were less than the reporting level. Naphthalene concentrations at both sites exceeded the ISQG of 34.6 µg/kg. Phenanthrene concentrations at both sites exceeded the ISQG of 41.9 µg/kg. Finally, pyrene concentrations at both sites exceeded the ISQG of 53.0 µg/kg. Most exceedances of CCME guidelines for semivolatile organic compounds (20 of 28 exceedances) occurred at the downstream site, in contrast to more exceedances for metals and trace elements at the upstream site (7 of 9 exceedances).
Other semivolatile organic compounds detected in Seguchie Creek were three phthalates (2,6-dimethylnaphthalene, 2-ethylnaphthalene, and bis(2-ethylhexyl) phthalate) and two phenols (p-cresol and phenol). Frequency of detections and concentrations generally were similar between the sites with the exception of bis(2-ethylhexyl) phthalate, which had an estimated concentration of 1,100 µg/kg at the downstream site-nine times greater than the upstream concentration. The compound p-cresol was detected once at the upstream site and twice at the downstream site with estimated concentrations ranging from 74.0 to 260 µg/kg. Phenol was detected once at each site with estimated concentrations ranging from 56.0 to 190 µg/kg. No environmental guidelines exist for these other semivolatile organic compounds.
Wetlands
Three wetlands selected for monitoring included a subset of those identified in the supplemental study of wetland features for MNDOT (Curt Eastlund, Minnesota Department of Transportation, written commun., 2003). Wetland 9 consists of types 4, 6, and 7 (deep marshes, shrub swamps, and wooded swamps); wetland 15 is a shallow open-water wetland (type 5); and wetland 16 consists of types 3, 4, and 6 (shallow marshes, deep marshes, and shrub swamps).
Water levels in wetlands were qualitatively observed and noted based on previous sample holes, water levels on waders, and vegetation near sampling locations. In the marshy wetlands 9 and 16, levels were lowest in 2003 and were higher by a few centimeters each successive year. No change was noted in the open-water wetland 15.
Water Quality
Three water samples from each of the wetlands were collected for analysis of the nutrients dissolved ammonia plus organic nitrogen, ammonia, nitrite plus nitrate, nitrite, orthophosphate, phosphorus, and total phosphorus (table 8) . At each location, dissolved oxygen, pH, specific conductance, and water temperature were measured (table 8) .
The most frequently detected nutrients with the greatest concentrations were dissolved ammonia plus organic nitrogen, total phosphorus, dissolved phosphorus, and ammonia. Dissolved ammonia plus organic nitrogen concentrations ranged from 1.2 to 38.1 mg/L. Dissolved phosphorus concentrations ranged from less than 0.04 to 0.13 mg/L. Total phosphorus concentrations ranged from 0.10 to 6.4 mg/L. No water-quality criteria exist for nutrient concentrations in wetlands in Minnesota or nationally, although the U.S. Environmental Protection Agency (USEPA) recently issued guidelines for developing wetland nutrient criteria (U.S. Environmental Protection Agency, 2007).
Most nutrient concentrations were greatest in the marshy wetlands 9 and 16, and particularly in wetland 9. Concentrations in wetland 9 decreased each year with increasing water levels in the wetland. For example, dissolved ammonia plus organic nitrogen concentrations decreased from 38.1 to 2.8 mg/L over 3 years. Lower nutrient concentrations when the wetland had higher water levels were likely caused by dilution. The other two wetlands did not show temporal patterns during the 3 years of sampling. The open-water wetland (15) had the lowest concentrations of nutrients, likely because less vegetative matter was available for decay and mineralization of nutrients.
Other nutrients were rarely detected at concentrations equal to or greater than the LTMDL. These constituents include dissolved nitrite and nitrite plus nitrate.
Bed-Sediment Quality
Bed-sediment samples were collected from the three wetlands and analyzed for size distribution, metals, trace elements, and organic compounds, similar to streambed sediment. The composition of wetland samples was very different than those from Seguchie Creek ( fig. 3B ). Bed-sediment data for the sampled sites are available at http://nwis.waterdata.usgs. gov/mn/nwis/qwdata. Fifty-two organic compounds were not detected: acridine, 9,10-anthraquinone, azobenzene, benzo[c]cinnoline, benzyl n-butyl phthalate, 2,2'-biquinoline, bis(2-chloroethoxy)methane, bis (2-chloroethyl) ether, bis(2-chloroisopropyl) ether, 4-bromophenyl phenyl ether, C8-alkylphenol, carbazole, 2-chloronaphthalene, 2-chlorophenol, 4-chloro-3-methylphenol, 4-chlorophenyl phenyl ether, dibenzo [a,h] anthracene, 1,2-dichlorobenzene, 1,3-dichlorobenzene, 1,4-dichlorobenzene, 2,4-dichlorophenol, diethyl phthalate, 1,2-dimethylnaphthalene, 3,5-dimethylphenol, dimethyl phthalate, 2,4-dinitrophenol, 2,4-dinitrotoluene, 2,6-dinitrotoluene, di-n-butyl phthalate, di-n-octyl phthalate, hexachlorobenzene, hexachlorobutadiene, hexachlorocyclopentadiene, hexachloroethane, isophorone, isoquinoline, 2-methyl-4,6-dinitrophenol, 1-methyl-9H-fluorene, nitrobenzene, 2-nitrophenol, 3-nitrophenol, n-nitrosodi-n-propylamine, n-nitrosodiphenylamine, pentachloroanisole, pentachloronitrobenzene, pentachlorophenol, phenanthridine, quinoline, 1,2,4-trichlorobenzene, 2,4,6-trichlorophenol, 2,3,6-trimethylnaphthalene, and 2,4,6-trimethylphenol. Size Bed-sediment samples for particle-size analyses were collected each fall during 2003-05 for a total of three samples at each wetland. Particle-size analyses were complicated by the large proportion of organic matter in samples, which often resulted in incomplete analyses.
All sample particle sizes were less than 2 mm (fig. 4 ). Twenty-five to 60 percent of samples were composed of fine (silt-and clay-sized) particles (less than 0.063 mm). Wetlands 9 and 16 had the greatest percentage of fine particles-approximately 50-60 percent. Wetland 15 had the greatest percentage of sand-sized particles (0.063-2.0 mm). Mean particle sizes of wetland samples were smaller than those from Seguchie Creek samples.
Metals and Trace Elements
Fine-grained bed-sediment samples from wetlands 9, 15, and 16 were collected during the fall seasons of 2003-05 and analyzed for metals and trace elements. Concentrations are presented in table 6 along with CCME guidelines (Canadian Council of Ministers of the Environment, 2002) and median concentrations of samples collected from the Upper Mississippi River Basin during 1995-96 (Kroening and others, 2000) . ISQGs and PELs were not specifically designed for wetlands, but values serve as a reference. The USEPA considers numeric aquatic-life criteria to be generally applicable to most wetland types (U.S. Environmental Protection Agency, 1990) .
Reported metal and trace element concentrations (table 6) varied from year to year for a given sampling site and constituent, and variability ranged from 0 to 13,200 percent with a median of 83 percent. Concentrations of all but three elements (lithium, molybdenum, and sodium) were within one order of magnitude for samples from all 3 years.
Samples from wetland 15 had the most exceedances of CCME ISQGs (nine) and the greatest concentrations of metals and trace elements, and samples from wetland 9 had the lowest concentrations. Concentrations of all six metals and trace elements with ISQGs exceeded the respective ISQGs in at least one sample: arsenic, cadmium, chromium, copper, lead, and zinc. 
Organic Compounds
Ten of 87 semivolatile organic compounds were detected in wetlands (table 7) -far fewer than the 25 compounds detected in Seguchie Creek. Wetland 15 had the greatest number of compounds detected (eight). Six compounds were detected in samples from wetlands 9 and 16.
Similar to metals and trace elements, reported concentrations of organic compounds varied from year to year for a given sampling site and compound. Most compounds were detected only once, but of those detected more often, concentrations frequently varied by one or slightly more orders of magnitude. Analytical uncertainty likely was a substantial cause of the variability, as evident by the varying reporting levels from year to year and the numerous estimated values.
Concentrations of three PAHs exceeded CCME ISQGs: flouranthene, phenanthrene, and pyrene (table 7) Other semivolatile organic compounds detected were the phthalates 2,6-dimethylnaphthalene, bis(2-ethylhexyl) phlalate, and benzyl-n-butyl phthalate, and the phenols p-cresol and phenol. All were detected in every wetland, except benzyl-n-butyl phthalate, which was detected only in wetland 16.
Implications of Study Findings
Results of this study have implications for the water quality of tributaries to Mille Lacs Lake, for comparison with previous simulation results for the MNDOT, and for improvements of future monitoring. The water quality of Seguchie Creek generally was good with no concentrations exceeding the State of Minnesota water-quality standards with the exception of dissolved-oxygen concentrations.
However, water and bed-sediment quality have been affected, sometimes adversely, by human activities or natural processes. Many detected metals and organic compounds can be toxic to humans and aquatic organisms, are suspected or known human carcinogens, and may disrupt endocrine systems (Canadian Council of Ministers of the Environment, 1995; Kaltreider and others, 2001; Stoica and others, 2000; Telisman and others, 2000 ; U.S. Department of Health and Human Services, 2007) . These constituents commonly are associated with roadway activities, but most sampling sites were located upstream or away from highways and roads. Consequently, other land-use activities or sources have affected the presence and distribution of these constituents in streams and wetlands.
At the upstream Seguchie Creek site, concentrations of dissolved lead in two samples were three to five times greater than in any other samples. Similarly, seven of the nine exceedances of CCME ISQGs for metals and trace elements in bed sediment, including arsenic, cadmium, chromium, lead, and zinc, occurred at the upstream site. One lead concentration at the upstream site exceeded the PEL. These compounds commonly are detected in roadway runoff; in roadway runoff in the Twin Cities metropolitan area, the constituents with the greatest concentrations were lead, copper, zinc, aluminum, and chromium (Mitton and Payne, 1996) . Similar findings, with the addition of cadmium, have been found by others (Davis and others, 2001; Legret and Pagotto, 1999) . Vehicle tire wear can contribute zinc (Davis and others, 2001 ). However, no highways, roadways, or known natural sources of lead exist near the upstream Seguchie Creek sampling site, so bed-sediment quality likely has been affected by other activities.
In addition to highway activities, other sources can contribute to the presence of these constituents in water and bed sediment. Metals and trace elements, including arsenic and related compounds, are used in wood preservatives, pesticides, manufacturing, smelting, and other industrial activities. Cadmium is used in metal coatings, batteries, plastic, and pigment manufacturing (U.S. National Library of Medicine, 2006) . Chromium is used in steel production, chrome plating, dyes, pigments, leather tanning, wood preserving, and combustion of coal, oil, and natural gas (U.S. National Library of Medicine, 2006) . Zinc and related compounds are used in mining, refining, die casting, and manufacturing of steel, fertilizer, rubber, and paint. Tin and related compounds can be released through use of pesticides, paints, food container liners, and fishing tackle (U.S. Department of Health and Human Services, 2007) . Lead is refined for alloys, batteries, ammunition, paints, and ceramics (U.S. Department of Health and Human Services, 2007) . In Minnesota, lead shotgun pellets can be used for recreational hunting, but their use for hunting water fowl was banned nationwide in 1991 (Friend and Franson, 1999) . The Minnesota Pollution Control Agency estimates that ammunition is the single largest source of lead to the environment in Minnesota, even though use has been banned for waterfowl hunting in Minnesota since 1987 (Minnesota Pollution Control Agency, 1999) . In addition, lead commonly is used in fishing lures and weights in Minnesota, although less toxic, replacement metals and compounds are encouraged (Minnesota Pollution Control Agency, 2007) .
Conversely, most exceedances of ISQGs for organic compounds (20 of 28 exceedances) in bed sediment occurred at the downstream site on Seguchie Creek, indicating different sources of organic compounds than for metals. Of the two samples that were collected upstream and downstream from the reach with cabins at the downstream site, concentrations of all 11 PAHs that exceeded ISQGs were greater in the sample collected downstream from the cabins than the sample collected upstream from the cabins. Sources in the study area are unknown, but Verschueren (1983) compiled common sources of PAHs and other organic compounds: PAHs are found in hydrocarbon fuels, asphalts, tar, parking lot sealants, and incompletely combusted wood. PAHs occur naturally from the incomplete combustion of fuels in wildfires and volcanoes, and anthropogenic sources can increase concentrations. PAHs can be byproducts in paper production, petroleum refining, fossil fuel power generation, (Khalili and others, 1995) and reformulation of asphalt, coal, and tar. Products produced using PAHs include creosote for wood preservation, pesticides, fertilizers, medicines, dyes, plastics, and lubricants (Verschueren, 1983) . PAHs commonly are present in large concentrations in asphalt sealants (Mahler and others, 2005) . Other sources of PAHs include cooking, smoking, recreational fires, prescribed burns, waste incineration, and combustion of carbon fuels for home heating and motor vehicles (Verschueren, 1983) . Phthalates commonly are used in plastics and emulsifiers (Verschueren, 1983) . Phenols commonly are used in detergents, disinfectants, adhesives, preservatives, and for manufacturing (Verschueren, 1983) .
Also at the downstream site, concentrations of dissolved cobalt and magnesium in water samples collected downstream from the cabin-lined reach were significantly greater (p<0.05, Wilcoxon rank-sum test) than those collected upstream. Although concentrations of dissolved nickel and zinc were significantly greater (p<0.05, Wilcoxon rank-sum test) in the reach upstream from the cabins, all samples at the downstream site were collected upstream from the current highway and service road bridges. These results indicate that previous landuse practices associated with the reach lined with cabins possibly contributed to the metal and trace element concentrations.
Natural wetland processes and groundwater interactions between sampling sites on Seguchie Creek also affected the water chemistry. Fifteen of 21 constituents sampled or measured had greater variability downstream than upstream. In addition, continuous specific conductance varied over a greater range and changed at a greater rate downstream than upstream in response to dry or wet periods and reflected changes that occurred in the chemistry of major ions. Although the well-mixed outflow from Holt Lake maintained relatively steady specific conductance values and water concentrations at the upstream site, wetland processes and interaction with groundwater at low flow had more influence on the basic water chemistry of the downstream site. Increases in specific conductance values and major ion concentrations commonly occurred during base flow because groundwater, enriched in ions from the dissolution of minerals in soils and aquifers (Hem, 1992) , contributed relatively more water to the stream than the lake outflow, which occasionally experienced no-flow conditions. The greatest concentrations in dissolved major ions were observed during low flow. During wet periods, Seguchie Creek at the downstream site became slightly more diluted with precipitation and overland runoff and had lower specific conductance than the well-mixed lake outflow.
Wetland processes between monitoring sites may have affected concentrations of dissolved oxygen, manganese, and iron. Dissolved-oxygen concentrations were less than the Minnesota water-quality standard daily minimum of 4.0 mg/L (Minnesota Office of the Revisor of Statutes, 2007) for 6 of 26 measurements. Dissolved-oxygen concentrations generally were less at the downstream site (median concentrations were 9.4 mg/L upstream and 8.6 mg/L downstream; 25th-percentile concentrations were 7.8 mg/L upstream and 4.5 mg/L downstream). Decomposition of organic material in wetlands can cause decreases in dissolved-oxygen concentrations. Dissolved manganese and iron concentrations generally increased with decreasing dissolved-oxygen concentration, and increases may have resulted from decreases in dissolved-oxygen concentrations. Dissolved manganese concentrations generally are low in well-oxygenated waters because the oxidized particulate form (Mn 3+ ) dominates, but in anoxic waters these manganese precipitates can be reduced to a soluble state (Mn 2+ ; Wetzel, 2001) . Iron can behave similarly.
Natural variability affected loading rates. All four constituents (dissolved chloride, ammonia plus organic nitrogen, total phosphorus, and suspended sediment) had seasonal peaks in spring and fall. Although peaks in loads are typical during spring, occurring with peak streamflow from snowmelt, the large loads during fall were augmented by atypical streamflow trends during the study. Fall generally is a season of decreasing variability and rates of streamflow in Minnesota, but during this study the two greatest streamflow peaks at both sites occurred during October 2004 and 2005 (fig. 2 ). The October 2005 streamflow peak coincided with the greatest loads for all four constituents. In addition, peak flows during fall likely augmented the flush in organic matter from the wetland to the downstream site. During fall senescence, riparian, wetland, and other vegetation decompose and are transported by streamflow.
Atypical streamflow trends and channel characteristics at sampling locations may have affected streambed sediment particle-size distributions. Upstream samples were collected from a poorly defined channel through the wetland immediately downstream from the lake outflow where velocities slowed. Samples from the downstream site were collected first from a pool near the gage and then, beginning May 2005, from a defined channel where stream velocities were faster than at the upstream site. These faster velocities for the samples collected after May 2005 inhibited deposition of smaller particles, resulting in a particle-size distribution with a greater proportion of larger sediments. Similarly, considering only samples from the downstream reach, the mean particle size increased when sampling was moved from the pool near the gage with slow velocities in May 2005 to the channel farther upstream with faster velocities. Streamflow rates also may have affected particle-size distributions. At the upstream site, particle sizes of samples collected during the fall generally were greater than those from the spring. Two of the fall samples were collected during wet periods when streamflow was greater than that occurring during any of the spring sample collections, consequently stream energy was greater. No seasonal pattern was observed at the downstream site, probably because moving the sampling location from a pool to a channel confounded seasonal patterns.
In bed-sediment samples from wetlands, concentrations of at least one metal or trace element exceeded CCME ISQGs at each wetland. Samples from wetland 15 had the most exceedances and the greatest concentrations. This wetland, rated a potentially high-quality, shallow open-water wetland, capable of supporting wild rice beds, is not located near a road, so metal concentrations likely are because of previous land uses. Wetland 15 is located on the grounds of a 1930's Civilian Conservation Corps camp (John Mackner, Minnesota Department of Transportation, oral commun., 2005; Minnesota Department of Transportation, 1998) . Sources of metals may be from waste deposited in or near the wetland in past years.
Wetland 9 had the most exceendances of ISQGs for semivolatile organic compounds in bed sediment (four exceedances), followed by wetland 16 (one exceedance). Sources of PAHs in wetland 9 are unknown. The wetland appeared relatively undisturbed and isolated with limited access and sparse rural housing nearby. It is possible that activities associated with an abandoned highway located approximately 50-100 m east of the wetland sampling locations may have contributed organic compounds in previous years. Nevertheless, these results indicate that even areas appearing relatively undisturbed and rated as high resource value can suffer degradation from previous, often unknown land uses.
A comparison of streamflow and loading rates made during this study with those made for the MNDOT in 2001 (Curt Eastlund, Minnesota Department of Transportation, written commun., 2003 found generally similar results. One difference was that streamflow measured in this study did not have equivalent responses to precipitation as the water budgets simulated for the MNDOT in 2001. The streamflow measured during this study in 2006 was 18 percent less than the simulated streamflow even though precipitation was 5 percent greater than simulated precipitation. Conversely, partial years of streamflow measured during this study had greater streamflow than simulated years even though simulated precipitation was greater. This indicates that the contributing storage volumes of Holt and Borden Lakes, upstream from where flow was simulated or gaged, have a large moderating and attenuating effect on streamflow. Other streams in the study area could be expected to have similar results.
Differences in streamflow between this study and the 2001 water-budget simulations did not substantially affect estimated phosphorus loading rates. Phosphorus loading rates for this study were about 1.5 times less than those simulated for the MNDOT in 2001 (Curt Eastlund, Minnesota Department of Transportation, written commun., 2003 , for roughly similar precipitation amounts. These differences likely are within the uncertainties associated with the calculations.
Modifications to the approach used in this study might improve efficiencies or comparisons should investigations continue at a later date. The low-gradient and large storage characteristics of Seguchie Creek resulted in streamflow, constituent concentrations, and loading rates that did not change substantially during runoff events. Other streams draining to Mille Lacs Lake have similar physical characteristics and would likely respond similarly. Although these characteristics could change with the addition of highway construction, future studies would benefit from the use of well-timed synoptic sampling events to increase the knowledge of loading from other streams intersecting the proposed highway route. Synoptic studies could be conducted during snowmelt and the days following large rainfall events when the greatest increases in loading rates would be anticipated. These samples could be compared to the continuously monitored data from Seguchie Creek, if still active, for reference.
It is unclear to what extent the slightly greater drainage area and streamflow rates of the downstream site affected the increases observed in loads in Seguchie Creek. Chloride is generally a conservative constituent, and the slight to insignificant increase in chloride concentrations (within the error of analytical estimates) between the upstream and downstream sites indicates that increases in downstream streamflow may not be a factor. Furthermore, nitrogen, phosphorus, and suspended sediment commonly are contributed by decaying organic matter in wetlands, so downstream increases in these constituents may indicate these constituents simply are being exported from the intermediate wetland. Nevertheless, if future studies compare loads upstream and downstream from the proposed highway in this stream reach, sampling immediately above and below the construction area may be more important than obtaining accurate streamflow from both locations. The downstream gage may be the only site needed unless the highway design includes plans for routing additional drainage area to Seguchie Creek.
Similarly, the greater concentrations of dissolved manganese and iron found at the downstream site may have resulted from decreases in dissolved-oxygen concentrations as water flowed through the wetland located between the monitoring sites. Additionally, bed-sediment particle-size analyses indicate that size distribution is dependent upon streamflow velocities, which in turn, are dependent on streamflow rates and channel configurations. If future investigation includes monitoring Seguchie Creek upstream and downstream from the proposed construction area for these constituents, more comparable results may be obtained by sampling immediately upstream and downstream from the construction in reaches that are physically similar.
Summary
Mille Lacs Lake and its tributaries, located in east-central Minnesota, are important resources to the public. In addition, many wetlands and lakes that feed Mille Lacs Lake are of high resource quality and vulnerable to degradation. Construction of a new four-lane expansion of U.S. Highway 169 has been planned along the western part of the drainage area of Mille Lacs Lake in Crow Wing County. Concerns exist that the proposed highway could affect the resource quality of surface waters tributary to Mille Lacs Lake, which is sensitive to eutrophication from nutrient loads. Many tributary wetlands are of high resource quality, supporting wild rice beds, feeding streams, and providing habitat for keystone wildlife species. Baseline water-and bed-sediment quality characteristics of surface waters tributary to Mille Lacs Lake prior to the proposed highway construction were needed. Water-quality data collected prior to construction can be used to compare with data from future studies to evaluate the effectiveness of newer construction best management practices designed to minimize the effects of highway runoff and to assess the effects of associated changes in land use on water quality. The U.S. Geological Survey, in cooperation with the Minnesota Department of Transportation (MNDOT), characterized the water-and bed-sediment quality from October 2003 to October 2006 for Seguchie Creek upstream and downstream from the proposed route and for three wetlands draining to Mille Lacs Lake that the proposed route intersects.
In Seguchie Creek, the mean streamflow at the downstream gaging station of 0.22 cubic meter per second (m 3 /s) was 5.6 percent greater than streamflow at the upstream gaging station of 0.21 m 3 /s.The greater streamflow at the downstream gaging station may have resulted from the 3.5 percent greater drainage area of this gaging station. Because of the large amount of storage immediately upstream from both gaging stations, increases in flow were gradual even during intense precipitation.
Seguchie Creek was sampled at two sites near the gaging stations for chemical constituents that frequently are associated with highway construction and operation. The ranges of most constituent concentrations in water were nearly identical between the sites. Concentrations generally were low, and no constituent concentrations exceeded applicable water-quality standards set by the State of Minnesota. However, dissolvedoxygen concentrations at the downstream site were less than the daily minimum of 4.0 milligrams per liter (mg/L) for 6 of 26 measurements. At the upstream site, concentrations of dissolved lead in two water samples were three to five times greater than lead concentrations in other samples.
Loads, computed for dissolved chloride, dissolved ammonia plus organic nitrogen, total phosphorus, and suspended sediment were 1.7 to 62 percent greater at the downstream site than at the upstream site. All constituents had seasonal peaks in spring and fall. The large loads during fall were augmented by atypical streamflow trends during the study when the two greatest streamflow peaks at both sites occurred during October 2004 and 2005. In bed-sediment samples from Seguchie Creek, more exceedances of Interim Sediment Quality Guidelines (ISQG) set by the Canadian Council of Ministers of the Environment for metals and trace elements, including lead, occurred at the upstream site (seven) than the downstream site (two). Concentrations of 5 of the 6 metals and trace elements (arsenic, cadmium, chromium, lead, and zinc) exceeded the corresponding ISQGs in at least one bed-sediment sample from Seguchie Creek. Because no highways, roadways, or known natural sources of lead occur near this sampling site, bed-sediment quality has been affected by other activities.
The downstream site had more exceedances of ISQGs than the upstream site for semivolatile organic compounds (20 of 20 exceedances) in bed sediment indicating different sources for organic compounds than for metals and trace elements. In 2005, the sampling location at the downstream site was moved farther upstream to limit potential influence from cabins near the stream. Concentrations of all 11 PAHs that exceeded ISQGs-ancenaphthene, acenaphthylene, anthracene, benzo [a] anthracene, benzo[a]pyrene, chrysene, fluoranthene, fluorene, naphthalene, phenanthrene, and pyrene-were greater in the sample collected downstream from the cabins than the sample collected upstream from them, indicating possible sources from previous activities in this reach. Similarly, concentrations of dissolved cobalt and magnesium in samples collected downstream from the reach with cabins were significantly greater than those collected immediately upstream, although concentrations of dissolved nickel and zinc were greater upstream (p<0.05) from the reach with cabins.
Three water samples from each of the wetlands were collected for analysis of nutrients. Most nutrient concentrations were greatest in the two marshy wetlands sampled. The open-water wetland had the lowest concentrations of nutrients, likely because less vegetative matter was available for decay and mineralization of nutrients.
In bed-sediment samples from wetlands, concentrations of six metals and trace elements exceeded ISQGs: arsenic, cadmium, chromium, copper, lead, and zinc. Each wetland had concentrations of at least one metal or trace element that exceeded ISQGs. Wetland 15, located on the grounds of a 1930's Civilian Conservation Corps camp, had the most exceedances (9) of ISQGs for metrals and trace elements. Concentrations of three semivolatile organic compounds exceeded ISQGs: flouranthene, phenanthrene, and pyrene. Wetland 9, located adjacent to an abandoned highway had the most exceedances of ISQGs for semivolatile organic compounds (four). Results indicate that areas appearing relatively undisturbed and of high resource value can have degraded water quality from previous, unknown land use.
Although the water quality of Seguchie Creek generally was good, the water and bed-sediment quality likely has been affected by human activities and natural processes. Furthermore, although many constituents detected in water or with concentrations that exceed bed-sediment quality guidelines are commonly associated with roadway activities, most sampling sites were located upstream or away from roadways. Natural wetland processes and groundwater interactions between sampling sites on Seguchie Creek also affected water chemistry. Fifteen of 21 constituents sampled or measured in water samples had greater variability downstream than upstream. Similarly, continuous specific conductance varied over a greater range and changed at a greater rate downstream than upstream in response to dry or wet periods and reflected changes that occurred in the chemistry of major ions. The well-mixed outflow from Holt Lake maintained relatively steady specific conductance and water chemistry at the upstream site, whereas wetland processes, interaction with groundwater at low flow, and runoff during heavy precipitation, influenced basic water chemistry of the downstream site.
Wetland processes between sampling sites on Seguchie Creek likely affected concentrations of dissolved oxygen, manganese, and iron. Decomposition of organic material in wetlands can decrease dissolved-oxygen concentrations. Increases in dissolved manganese and iron concentrations can result from decreases in dissolved-oxygen concentrations, as these manganese and iron precipitates can be reduced to a soluble state in anoxic waters.
A comparison of streamflow and loading rates between this study and simulations for the MNDOT in 2001 generally showed similar results. One difference was that streamflow measured in this study did not have equivalent responses to precipitation as the water budgets simulated for the MNDOT in 2001, which indicates that the contributing storage volumes of upstream lakes have a large moderating and attenuating effect on streamflow. Phosphorus loading rates for this study were about 1.5 times less than those simulated for the MNDOT in 2001, for roughly similar precipitation amounts.
Modifications to the approach used in this study might improve efficiencies or comparisons should investigation continue at a later date. Future studies would benefit from the use of well-timed synoptic sampling events to increase the knowledge of loading from other streams intersecting the proposed highway route. Synoptic studies could be conducted during snowmelt and the days following large rainfall events.
If future studies compare loads upstream and downstream from the proposed highway in Seguchie Creek, sampling immediately upstream and downstream from the construction area may be more important than obtaining accurate streamflow from both locations. The downstream gaging station may be the only site needed unless the highway design includes plans for routing additional drainage area to Seguchie Creek. Water-quality standard based on hardness value or 100 mg/L, which is approximate minimum for these data. 
